RNA-centric biochemical purification is a general approach for studying the functions and mechanisms of noncoding RNAs. Here, we describe the experimental procedures for RNA Antisense Purification (RAP), a method for selective purification of endogenous RNA complexes from cell extracts that enables mapping of RNA interactions with chromatin. In RAP, the user crosslinks cells to fix endogenous RNA complexes and purifies these complexes through hybrid capture with biotinylated antisense oligos. DNA loci that interact with the target RNA are identified using high-throughput DNA sequencing.
Introduction
Large noncoding RNAs (lncRNAs) -a class of RNAs >200 nucleotides long that do not encode proteins -are emerging as critical regulators of gene expression in mammals [1] [2] [3] [4] [5] . Inspired in part by classical examples such as the X-inactive specific transcript (Xist), a popular hypothesis is that many lncRNAs regulate gene expression by interacting with chromatin-regulatory proteins and recruiting them to specific DNA target sites. Indeed, recent work indicates that lncRNAs can interact with diverse chromatin regulators [6] [7] [8] [9] , localize to specific sites in the genome [10] [11] [12] , and may even establish nuclear subdomains that contain the co-regulated DNA loci [12, 13] . Together, these observations highlight the need to map RNA-chromatin interactions to identify direct targets of lncRNA complexes.
Advances in RNA-centric biochemical purification have presented new opportunities for systematically mapping RNA interactions with chromatin [10] [11] [12] . RNA Antisense Purification (RAP) [12] , as well as other recently developed methods like ChIRP [10] and CHART [11] , captures a target RNA of interest through hybridization with antisense biotinylated oligos. By crosslinking endogenous macromolecular complexes prior to RNA capture, RAP allows for identification of proteins, RNA, and DNA loci that crosslink to and co-purify with the target RNA. Compared with previous approaches for examining RNA-chromatin interactions such as fluorescence in situ hybridization (FISH), RNA-centric biochemical purification enables genome-wide mapping of RNA-DNA interactions by coupling the protocol with high-throughput DNA sequencing (RAP-DNA). Thus, RAP provides an important tool for systematic interrogation of lncRNA function and mechanism.
Here, we describe the RAP technique for mapping RNA-chromatin interactions.
Compared to similar protocols, the most distinctive and important feature of RAP is its use of long (120-nucleotide) capture probes tiled across the entire target RNA. This probe design strategy robustly captures any lncRNA and enables the use of stringent hybridization and wash conditions that dramatically reduce nonspecific interactions of off-target nucleic acids or proteins [12] . We have applied this protocol to investigate ncRNAs in mouse embryonic stem cells and fibroblasts; the method is readily adapted to other systems where large quantities of cells can be obtained. Before use, add fresh 0.125% N-lauroylsarcosine, 0.025% sodium deoxycholate, 2.5 mM TCEP.
9. NLS Digestion Buffer: 20 mM Tris-HCl pH 7.5, 10 mM EDTA, 2% Nlauroylsarcosine, 2.5 mM TCEP. 
Additional Materials and Reagents

Probe Design
1. Design 90-to 120-nucleotide capture probes antisense to the target RNA sequences. Shorter probes (50-90 nucleotides) can also be used, provided GC content is >50%. Probes can be tiled across the entire transcript (e.g., each 120-nucleotide probe overlaps the next probe by 105 nucleotides), or they can be divided into two non-overlapping probe pools (even and odd) for additional specificity (see Note 2).
2. Omit probes that may hybridize to off-target sequences. Remove probes that contain more than 8 bases of any repetitive or low-complexity sequences as defined by RepeatMasker and Tandem Repeat Finder (these annotations can be viewed on the UCSC Genome Browser at http://genome.ucsc.edu). Remove probes that contain homo-polymers of more than 8 bases. Remove probes that align to other regions in the genome with 25 or more matching bases (e.g., with BLAT).
3. Choose and validate RT-qPCR primers spanning a short amplicon (<90 bases) on the target RNA, and omit probes that overlap this region. This will enable qPCR measurement of purification yields and enrichments without confounding signal from residual amounts of the probes themselves.
Probe Generation
The protocol below uses oligonucleotide library synthesis technology to simultaneously generate pools of ssDNA probes targeting many different RNAs. Each probe set is tagged with unique PCR primers that allow for enrichment of specific probe sets from the total pool. Probe sets are in vitro transcribed and then reverse transcribed with biotinylated primers to generate single-biotin ssDNA probes (see Note 3). For alternative probe synthesis and amplification strategies, see Note 4. • 1 µL of diluted enriched dsDNA (~1 nM)
• 2 µL of primer mix (mix contains 25 µM of each primer)
• 25 µL of NEBNext High Fidelity 2× Master Mix 
Cell Harvesting and Crosslinking
This protocol describes the steps for adherent cells. To adapt for suspension cells, spin cells between steps and decant supernatant to exchange buffers. 
Cell Lysis
All steps and buffers should be cooled to 4 °C.
Thaw cell pellets by completely resuspending 20 million cells in 1 mL Cell Lysis
Buffer (add TCEP and PMSF fresh) in a 1.5 mL microcentrifuge tube. 2. Nonspecific hybridization of probes to off-target RNAs or DNA loci is a major concern for hybridization-based purification strategies. RAP uses highly denaturing and stringent hybridization conditions to ensure capture specificity.
However, nonspecific interactions are difficult to predict and will be different for each new target RNA, and so we recommend using two independent probe sets in an even/odd design to provide additional confidence in RNA-chromatin interactions identified with RAP.
3. Single-stranded DNA probes provide better specificity than the RNA probes used in previous iterations of this protocol [12] .
4. An alternative strategy for obtaining RAP probes is to order 5' biotinylated oligos from a commercial supplier. Compared to the protocol presented above, ordering ready-to-use biotinylated probes from a commercial supplier potentially provides a faster and cheaper alternative for obtaining large amounts of a smaller number of probes.
5. In some cases, specific amplification of subsets of the oligo pool can be challenging, depending on the quality of the oligo synthesis and the complexity of the oligo pool. We typically order oligo pools with 12,000 unique sequences from Custom Array, Inc. and achieve robust amplification of full-length product. 14. When establishing and troubleshooting the assay, it may be useful to save the supernatant, treat with Proteinase K, and isolate RNA and/or DNA to examine (i) the integrity of the RNA at the end of the hybridization, (ii) the amount of target RNA/DNA remaining in the supernatant after capture, and (iii) the amount of probe remaining in the supernatant after capture.
15. RNA analysis should be used initially to validate capture of the target RNA. After establishing the reproducibility of the assay, RNA analysis can be skipped and the entire sample can be used for DNA analysis. properly capture the target RNA even with acceptable RNA integrity; to test this, use the same probe set to capture the target RNA in purified total RNA using the same protocol, and/or test the protocol in lysate using an abundant positive control RNA.
17. In initial experiments, measure DNA yields and enrichments using quantitative PCR to validate that the experiment worked before moving immediately to DNA sequencing. Primers should include one or more primer pairs that measure genomic DNA close to but not overlapping the target gene locus; these regions should be strongly enriched (>100-fold) compared to input after normalizing to other locations in the genome. An appropriate negative control for this assay is comparing RAP with antisense probes to RAP with sense probes, which will capture DNA at the target locus but not RNA; the antisense probes should enrich more strongly for genomic DNA close to the target gene locus. Depending on the abundance of the target RNA, it may be necessary to use the entire DNA sample for qPCR, rather than saving some for DNA sequencing, to ensure that the DNA levels are high enough to meet the threshold for qPCR quantification.
18. Proper analysis of the data, including identification of RNA-chromatin interaction sites and calculation of enrichments across different regions of the genome, requires deep sequencing of the input library because DNA fragment density can vary substantially across the genome [12] .
